(3) analysis of the hair cycle effect in relation to the two stages of carcinogenesis; and (4) fluorescence microscopy studies of carcinogen-treated skin at the two phases of the cycle.
METHODS

Animals
The mice used in these experiments were of the Swiss strain, inbred in these laboratories by brother-to-sister mating for [17] [18] [19] [20] [21] [22] [23] [24] generations. They were housed in an air-conditioned room at 21-23°C. and fed on Purina laboratory chow, occasionally supplemented by mixed cereals, and water ad libitum.
"Hair cycle "
For establishing the normal hair cycle in our strain, untreated skin specimens from the inter-scapular region were taken from mice ranging from 6 epithelium to the roots of the hair follicles, measured at right-angles to the surface), from 4 mice for each age period, at intervals of 2-6 days. (Individual points not recorded.) G = growth phase (1st, 2nd, and 3rd); R = resting phase (1st, 2nd, and 3rd).
of age, at intervals of 2-6 days (the shorter intervals mainly at the earlier ages), 4 mice being taken for each age period. The excised pieces of skin were slightly stretched on cork and fixed in Zenker's acid fluid; thin paraffin sections, cut anterio-posteriorly to avoid cross-sectioning of the sloping hair follicles, were stained with haematoxylin and eosin, the average thickness, from the skin surface to the base of the hair follicles, being measured under the microscope, using a calibrated micrometer eye-piece, and the values plotted against time (Fig. 1) . A duplicate series was similarly studied, using mice that had previously been painted once with DMBA in liquid paraffin. Skin painting In the skin painting experiments, a 05 per cent solution of DMBA in benzene, or a 1*5 per cent solution in medicinal liquid paraffin, according to the nature of the experiment, was applied to a small area of skin (about 2 x 2 cm.) in the inter-scapular region, the benzene solution being applied as a single drop from a pipette, and the liquid paraffin solution by means of a glass rod. In some of the early experiments (Series I, III, and IV), the phases of the hair cycle were calculated from the time curve (Fig. 1) according to the exact ages of the animals; in subsequent experiments (Series II, V, VI, and VII), the phase of the cycle was separately checked in each mouse by observing the growth (or absence of growth) of the hair stubs, for several days after dyeing the hair (Borum, 1954a) .
In the experiments involving croton oil treatment for promoting action, a 5 per cent solution in liquid paraffin was used, applied twice weekly. Other procedures connected with the skin painting, as well as the methods of recording the tumours, were as previously reported from this laboratory (Berenblum and Haran-Ghera, 1957 ).
Persistence offluorescence For determining the persistence of fluorescence in the skin at the two phases of the cycle, 3: 4-benzpyrene (BP) was used in place of DMBA, because of its more intense fluorescence and its relatively greater stability to light. A single application of a 0.5 per cent solution in benzene was given to two groups of mice, at the appropriate resting and growth phase, respectively, and 3 mice per day from each group were killed for examination on 16 successive days after painting. The treated skins were excised and fixed in 10 per cent formalin for 24 hours, and frozen sections of 10-12 It were cut and mounted in glycerine. These were examined in a darkened room by ultraviolet illumination through a microscope fitted with a quartz condenser. Note was taken (a) of the intensity of fluorescence, by an arbitrary, semi-quantitative method, assigning one to five pluses according to intensity, and (b) of its distribution in the various layers of the skin (i.e. in the keratin, surface epithelium, hair follicles, spaces in the follicles round the hairs, sebaceous glands, etc.). A duplicate series was also examined, using 0 5 per cent BP in liquid paraffin.
RESULTS
Determination of hair cycle curve for Swiss mice
The curve for the hair cycle pattern of untreated female Swiss mice (for the inter-scapular region) is illustrated in Fig. 1 . Though the shape of this curve differs somewhat from that of Andreasen and Engelbreth-Holm (1953) for their St/Eh strain of mice, the actual peaks show good agreement. A noteworthy feature of our curve was the very narrow ranges for the first two growth phases (G1 and G2) and the first resting phase (RI), in contrast to the wide trough for the second resting phase (R2). For mice that had previously received a single painting of DMBA in liquid paraffin, the whole curve was found to have been advanced by about 3 days. For practical purposes, however, this could be ignored (a) because variations of that order of magnitude exist, in any case, among the individual mice, and (b) because in the later experiments, the time curve was only used for orientation, the exact phase in each animal being checked by observing the growth, or absence of growth, of the dyed hair stubs.
2. Confirmation of the hair cycle effect on skin carcinogenesis in the mouse When a single application of 0.5 per cent DMBA in benzene was tested at the resting and growth phase, respectively, the results were essentially the same as those reported by the previous investigators (Andreasen and Engelbreth-Holm, 1953; Borum, 1954b) , namely, a high tumour yield when application was at the resting phase and a low tumour yield when at the growth phase. The experiment was performed twice, once without individual checking of the phase in each animal (Series I), and a second time, with such individual checking (Series II).
It will be noted that the " hair cycle effect " was far more pronounced in Series II ( Table I ). In the latter series, no tumours developed at all when application was at the growth phase. Our first attempt to determine the hair cycle effect in relation to the two stages of carcinogenesis was somewhat over-ambitious, being planned to test, in one experiment, all four variables-i.e. initiation at R followed by promotion at R, initiation at G followed by promotion at G, and the two reciprocals, including all the necessary controls (Series IV, Table II ). The plan was feasible for initiation, since the single application of DMBA in liquid paraffin could be made to correspond to a single phase of the cycle; it was not feasible for promotion, since the latter action, by means of croton oil treatment, had to continue for a much longer period than one phase of the cycle to be effective (see below). Actually, in the present experiment only the commencement of the croton oil treatment was timed for a specific phase of the cycle.
The results of the experiment (Series IV, Table II ) were somewhat ambiguous: Varying the time of commencement of promoting action, according to the phase of the cycle, did not seem to influence the tumour yield; but varying the time of initiating action gave results that were at first interpreted as suggestive of a higher tumour yield at the resting than at the growth phase. The differences were not pronounced, however. There were, moreover, some defects in the experiment as a whole: (a) the exact phase of the hair cycle, for each particular action, was based on the ages of the mice (and deduced from the time curve) instead of on individual checking of each animal, and (b) one of the groups suffered a high mortality through intercurrent infection, rendering the values of that group invalid. (It is common experience that tumour yields tend to be abnormally low among sickly mice.) ,.
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. 01 (9) . ,, . A second expriment was, therefore, carried out under more rigid conditions, namely (a) by using larger numbers of animals, (b) by checking the exact phase of the cycle in each animal, and (c) by concentrating only on initiating action, with respect to the two phases (and starting the croton oil treatment after a fixed interval of 2 weeks following the initiating stimulus). The results of this experiment show that initiating action is, after all, not affected by the state of the hair cycle. If anything, the tumour yield was higher when initiation was at growth than at resting (Series V, Table III ). Further confirmation of this was obtained in an indirect way, based on the principle that, if initiation is indeed unaffected by the phase of the cycle, the same number of dormant tumour cells should exist at the two phases, irrespective of whether visible tumours are manifested or not; and this should be demonstrable by subsequent croton oil treatment.
(30)
Two groups of mice from a previous experiment (Series II) were used for the test, those painted with DMBA in benzene at the resting phase having developed a number of tumours and those at the growth phase none at all. These were submitted, 10 weeks after initiating action, to standard croton oil treatment (Series VI, Table IV ). Many new tumours developed in both groups, and the tumour yield eventually equalised, as was to be expected if the number of dormant tumour cells was the same. Having thus established that initiating action was not affected by the phase of the hair cycle, and having failed so far to determine whether or not promoting action was affected by the phase of the cycle, two further experiments were undertaken to test the latter problem: In one experiment, croton oil treatment (after a suitable initiating stimulus) was restricted to 3 applications, timed to correspond to the resting phase in one group and the growth phase in another. In the second experiment, DMBA in liquid paraffin was applied twice, at suitable intervals, in the hope that the second application would serve as promoting agent. Unfortunately, no tumours developed in any of the animals of either experiment; so that the problem of the hair cycle in relation to promoting action still remained unsolved. (In view of the negative results, no details of these experiments need be presented here.)
The interim conclusion reached at this stage was that, since the " hair cycle effect " did not operate on initiation, but did manifest itself so strongly on total carcinogenesis, it presumably operated on promotion, even though a suitable experimental system had not been devised by then to prove the point. Further experiments were then carried out, based on the following reasoning:
The fact that tumours develop after a single application of DMBA in benzene, without any further treatment, implies that the carcinogen performs promoting action as well as initiating action under these conditions. But since promoting action is known to be a slow process following initiating action, it must operate as a delayed effect, i.e. well after the time the carcinogen is applied. This raised the possibility that when DMBA in benzene is applied during the resting phase, its promoting effect actually operates during the subsequent growth phase. Such a possibility would, incidentally, also explain the paradox-why responsiveness should be higher at the resting phase, when mitotic activity (at least in the hair follicles) is reduced to a minimum.
To put this idea to the test, the following two experiments were performed: A.-The original expriment with DMBA in benzene, at the resting phase, was repeated in duplicate, with one group painted at the end of resting phase R2 and the other at the beginning of resting phase R3, using as another comparison the group from a previous series, painted at the beginning of R2. If the idea, put forward above, were correct, one would have expected the tumour yield to have been higher at the end than at the beginning of a resting phase, since the EXPLANATION OF PLATE  FIG. 2-7 .-Fluorescence photomicrographs of mouse skin after single application of 0-5 per cent 3: 4-benzpyrene in benzene, at the " resting " phase (Fig. 2, 4 , and 6) and the " growth " phase ( Fig. 3, 5 , and 7), from animals killed at different intervals after the application-i.e. after 1 day ( Fig. 2 and 3 ), 3 days ( Fig. 4 and 5) , and 8 days ( Fig. 6 and 7) . Magnification: x 32. Note: (a) The strong fluorescence on the surface, and penetrating down the hair follicle spaces, surround the hairs, at 1, 3, and 8 days at the resting phase (Fig. 2, 4 and 6) but only at 1 day (Fig. 3) and for a short distance at 3 days (Fig. 5) at the growth phase. In Fig.  3 , the fluorescence actually penetrate to the lower parts of the hair follicles, though this is not clearly seen in the photograph.
(b) The fluorescent material in the adipose tissue in Fig. 2 and 3 ( i.e. after 1 day in both resting and growth phase) is no longer visible at the later periods.
(c) The hair follicles at the resting phase are short and vertical; those at the growth phase are sloping and very much longer ; in Fig. 6 (resting phase after 8 days), the hair follicles have already entered the next growth phase, subsequent to the application, though the fluorescence is confined to the upper parts of the follicle spaces.
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VOl. XII, NO. 3. I l subsequent promoting action in the former would fall within the following growth phase. Actually, the opposite was observed (Series VII (1) and (2) and VI (1), t See Table IV. B.-The negative action of DMBA in benzene, at the growth phase (originally tested at G2, in Series II), was retested at the GI phase, in order to take advantage of the short interval between GI and G2 ( Fig. 1) , with the expectation that " delayed " promoting action would this time fall within the second growth phase, and ca-use tumours to appear. In fact, no tumours developed at all in this experiment.
These negative results not only disproved the postulated explanation put forward above, but also threw doubt on the original interpretation that the " hair cycle effect " was due to an excessive responsiveness at the resting phase or to a deficient responsiveness at the growth phase.
An alternative possibility had then to be considered: that differences in persistence of the carcinogen rather than differences in responsiveness was the key to the " hair cycle effect ". This was, therefore, next investigated by fluorescence microscopy.
4. Persistence offluorescence in carcinogen-treated skin at the two phases Mice painted once with 0 5 per cent BP in benzene at resting phase R2 and growth phase 02, respectively, were killed at daily intervals after application, and their skins examined by fluorescence microscopy, to determine the persistence of the carcinogen (and/or its violet fluorescent metabolites) in the different structures of the skin (Fig. 2-7) . A duplicate series, receiving BP in liquid paraffin was also investigated.
In the series painted with BP in benzene, the results were as follows: In the sebaceous glands, fluorescence remained strong for only 1 day in those painted at G, disappearing completely after the second day; while in those painted at R, it remained strong for 10 days, with traces demonstrable for several days thereafter. In the lower spaces of the hair follicles round the hair roots, it likewise remained strong for 1 day at G, and weak for another day; the corresponding times for R being 10 and at least 12 days. In the upper spaces of the hair follicles (i.e. near the openings where the hairs emerge), fluorescence was strong for 3 days at G, with traces for several days thereafter, while at R it remained strong for 10 days, and weaker for several subsequent days. In the skin epithelium proper, the values for the two groups were closer, fluorescence remaining strong for 1 day at a and for 3 days at R. However, in the dead keratin lying loose on the surface of the epithelium (i.e. already shed from the living epithelium, and including material already extruded from the hair follicle spaces), the situation was reversed, with strong fluorescence (often in irregular patches) being found till the 6th day at G and till the 4th day at R.
In the duplicate series painted with BP in liquid paraffin, the results were fairly similar with respect to timing, but the intensities of fluorescence were thro-ughout much weaker.
These results seemed compatible with the histological evidence of relative inactivity of the sebaceous glands (as well as of growth processes in the epithelial structures) at the resting phase, and therefore, with the inference that sebum secretion during the growth phase flushes out, within a day or two, the carcinogen that had originally penetrated into the spaces of the hair follicles, while the virtual absence of such secretion during the resting phase permits the carcinogen to remain there for at least 10 days.
DISCUSSION
As mentioned at the outset, the present investigation was undertaken to answer two questions-one of theoretical and the other of practical importance. The theoretical problem dealt with the apparent paradox-that mouse skin is more responsive to carcinogenic action when the hair follicles are inactive, yet less responsive when these are altogether absent. The practical problem was to determine to what extent the " hair cycle effect " described by Andreasen and Engelbreth-Holm (1953) would have to be taken into account in future carcinogemncity experiments on mouse skin. The answers to both questions depended on a clearer understanding of the mechanism of this " hair cycle effect ".
Our first approach was to analyse this effect separately on the initiating and promoting components of carcinogenesis. The results obtained provided clear evidence that responsiveness to initiating action was unaffected by the phase of the hair cycle; but it was more difficult to establish whether responsiveness to promoting action was affected by it. To investigate the latter directly proved impossible for technical reasons-i.e. because of the prolonged action (longer than one phase of a cycle) required to elicit promoting action with croton oil. More elaborate, indirect, methods had to be used to acquire the necessary information; but the results finally obtained (Series VII) pointed strongly to the conclusion that promoting action, too, was unaffected by the phase of the hair cycle. In other words, though the tumour yield in response to total carcinogenesis (by a single application of DMBA in benzene) was undoubtedly higher when treatment was at the resting phase, this could not be attributed to enhanced responsiveness to either of the separate components of carcinogenesis.
It thus became apparent, during the course of this work, that the original interpretation of the " hair cycle effect " in terms of responsiveness was fallacious, and that some other solution was needed to account for the phenomenon.
A plausible alternative was that differences in persistence of the carcinogen in the tissUes, at the two phases, rather than differences in responsiveness, might be the key to the " hair cycle effect ". This was tested by fluorescence microscopy studies of skin in mice painted with benzpyrene at resting and growth, respectively.
The results showed that fluorescence in the sebaceous glands and in the lower spaces of the hair follicles persisted about 10 times longer at the resting than at the growth phase. Since secretory activity of the sebaceous glands (as judged histologically) is depressed at the resting phase, these fluorescence results are compatible with the conclusion that the carcinogen is quickly flushed out by sebum secretion in the case of the growth phase, whereas it persists for a long time in the case of the resting phase.
Apart from providing a simple alternative to the invalidated " responsiveness" hypothesis, this explanation also resolves the apparent paradox referred to above. For, according to it, hair follicles in the resting phase provide a repository for the carcinogen, from which it is not rapidly eliminated; absence of hair follicles, on the other hand, provide no such repository.
One would expect that such a repository would not be essential for the rapid initiating action, but would be essential for the slow promoting action. This is, indeed, borne out by the results of the experiment (Series VI) in which DMBA in benzene was applied at each phase, and after the tumours appeared (in the " resting " group only), both groups were given repeated croton oil treatment.
The ultimate tumour yield increased in both groups and eventually equalised (from 1-4 to 17-1 tumours per mouse in the " resting " group, and from 0 to 17-3 per mouse in the " growth " group). In other words, dormant tumour cells were induced in the two groups with equal ease; only their evolution into visible tumours (i.e. promoting action) was depressed at the growth phase.
The likelihood that, even in the case of absence of hair follicles-when tumours fail to appear following a single application of carcinogen (Suntzeff, Carruthers and Cowdry, 1947)-initiation probably does take place, was largely borne out by recent results of Graffi and Reissig (1957) That the latter may, in fact, be the true explanation, is suggested by the fact that the fluorescence, at the resting phase, remains as long when DMBA is applied dissolved in liquid paraffin as in benzene. Only the intensity of fluorescence, in the former case, is weaker. As already pointed out, the induction of dormant tumour cells is as effective with DMBA in liquid paraffin as in benzene; only promoting action is depressed when the former is used.
The situation may be expressed more succinctly by saying that the effectiveness of initiation is a function of intensity of action only, while that of promotion is conditional on adequate intensity and length of action.
Returning to the main objectives of this investigation, the following conclusions may now be drawn:
(1) By eliminating the existence of hypersensitiveness to carcinogenesis during the resting phase, the apparent paradox is finally resolved. The " hair cycle effect " is manifestly not due to a difference in responsiveness at the two phases, but to a difference in retention of a sufficient concentration of carcinogen, critical for the promoting component of the carcinogenic action.
(2) In so far as the " hair cycle effect " is the result of very special conditionsi.e. using a single application of a strong solution of a potent carcinogen, dissolved in a volatile solvent-the phenomenon is not likely to complicate the conventional techniques of carcinogenesis, which involve (a) repeated applications (in any solvent) for complete carcinogenesis, or (b) a single application of a solution in liquid paraffin for initiating action alone.
SUMMARY
The " hair cycle effect " on skin carcinogenesis, described by Andreasen and Engelbreth-Holm (1953) in St/Eh mice, was confirmed in Swiss mice. Under rigid conditions for determining the phase of the cycle in each mouse, a single application of DMBA in benzene induced skin papillomas in 17/24 mice when application was at the resting phase and in 0/34 mice when at the growth phase.
Analysis of the " hair cycle effect " in relation to the two components of skin carcinogenesis elicited direct evidence that responsiveness to initiation was unaffected by the phase of the cycle, and indirect evidence that responsiveness to promotion was also unaffected by the phase of the cycle.
By fluorescence microscopy studies, it was possible to demonstrate that a carcinogenic hydrocarbon persists about 10 times longer in the deeper spaces of the hair follicles (sebaceous glands and round the roots of the hairs) at the resting than at the growth phase of the hair cycle.
It is concluded that the " hair cycle effect " is due to an unduly short retention of an adequate concentration of carcinogen at the growth phase-insufficient for effective promoting action-and not to any difference in responsiveness of the tissues at the two phases.
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